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n^Chl (004)4 (en =ethylenediamine) is found to undergo a novel phase transition
from the charge-density-wave (CDW) state to a new phase under hydrostatic pressure. The new phase
appears at 3 GPa and coexists with the CDW state up to 6 GPa, at least. The volume ratio between the
two coexisting phases measured by Raman scattering spectroscopy changes continuously with pressure.
The result is discussed in terms of the theoretical approach to the polymorphic phase transition
developed recently by Bassler, Sasaki, and Griffiths. It is suggested that kink solitons play an important
role in this phase transition.
PACS numbers: 62.50.+p, 64.60.Fr, 78.3O.Jw, 78.40.Ha
In halogen-bridged linear-chain complexes of platinum
and palladium, a strong electron-lattice coupling causes
the valence of metal ions to form a charge-density-wave
(CDW) state in the way of -*-A/I!-A\/l/lv- [1], where
X and M denote halogen and metal ions, respectively.
Many materials of this family exhibit the order of the
CDW state in one dimension only, since the interchain in
teraction is very weak [2,3]. In this Letter, we report the
first observation of the pressure-induced phase transition
of the quasi-one-dimensional CDW state in the platinum
complex [Pt(en)2HPt(en)2Cl2] (004)4, where en denotes
ethylenediamine. So far, orthorhombic (CDW-I) and
monoclinic (CDW-II) phases are known in this material
[3,4]. We have found that the CDW-I I phase transforms
continuously to a new ordered phase in an unusual way:
The new phase appears at 3 GPa and coexists with
CDW-I I up to at least 6 GPa, the highest pressure exam
ined. This coexistence does not seem to be an ordinary
coexistence at a first-order phase transition. We show
that this novel phase transition can be described well in
terms of the phenomenological theory developed recently
by Bassler, Sasaki, and Griffiths [5].
We study the pressure dependence of the Raman
scattering and optical absorption spectra in single crystals
by the use of microscope-spectrometer systems equipped
with a diamond anvil apparatus [4,6]. We use Sumitomo
3M Fluorinert FC-75 or paraffin oil to produce a
quasihydrostatic environment inside the pressure cell.
The Raman scattering spectrum is measured in the back-
scattering geometry with respect to the crystal surface
containing the axis of the chainlike bonds, i.e., the b axis.
The 488-nm line of an Ar ion laser is used as the light
source for the excitation of the Raman scattering as well
as the luminescence of R lines of ruby which is used to
calibrate pressure. The absorption spectrum is measured
with the incident light polarized parallel to the b axis,
since both the charge-transfer and midgap. bands on
which we focus our attention in the present study are al
lowed only for this polarization [4,6]. All the measure
ments are performed at room temperature.
Figure 1 shows the Raman scattering spectra in the
range 200-400 cm""' of the Stokes shift at various pres
sures. If pressure exceeds 3 GPa, a new Raman line ap
pears about 19 cm ~{ above the line due to the intrachain
bond-stretching vibration of Cl ions of CDW-II [4]. The
new line grows rapidly with pressure, while the intensity
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FIG. 1. Raman scattering spectra of the Pt-Cl stretching
mode at various pressures.
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FIG. 2. Variation of the fractional intensity of the pressure-
induced Raman line for several samples. The lines are drawn as
a guide, indicating the general trend.
of the original line is reduced. Figure 2 shows the varia
tion of the fractional intensity //? of the new line ob
served for several samples, where //? is defined by jr
=7i/(/o+/|) with the intensities /o and I\ of the original
and the new lines, respectively. The rate of growth of the
new line decreases with increasiog pressure, so that yR
amounts to only about 0.7 even at 6 GPa. The spectral
locations of both lines shift smoothly as pressure increases
up to 6 GPa, while keeping the spacing between the two
lines nearly constant. Our experiment suggests that the
spectrum changes reversibly upon a decrease of pressure
[7]. In view of these changes in the spectrum, the system
is likely in thermal equilibrium at any pressure.
At low pressures, the sample observed under the micro
scope with the Ellb polarization is transparent for orange
light. As pressure approaches 3 GPa, the sample be
comes dark red, and eventually opaque because the
charge-transfer band shifts towards lower energies and
the midgap bands due to kink solitons [4,6,8] become in
tense. The sample becomes dark red again around 3.5
GPa, and then recovers transparency notably as pressure
increases further. Figure 3 shows this change by the ab
sorption spectra obtained with a spatial resolution of SO
jim in diameter. Under pressures above about 4 GPa, the
degree of transparency is noted to be somewhat inhomo-
geneous, so that the sample looks like a mosaic. The
spectrum at 4.8 GPa in Fig. 3 is taken from the area cov
ering many portions of the mosaic. To clarify the reason
for the recovery of transparency, we have measured the
absorption spectra with a higher spatial resolution, i.e., 20
j/m in diameter. The inset of Fig. 3 shows the spectra ob
tained at 4.1 GPa for the most opaque area and the
clearest one. Obviously, the spectral positions of the
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FIG. 3. Absorption spectra for Ellb at various pressures.
The absorption bands denoted by A and CT are the midgap and
the charge-transfer bands, respectively. The base line is shifted
upward in the increasing order of pressure. Inset: Spatially
resolved spectra obtained at 4.1 GPa for (curve a) the clearest
and (curve b) the most opaque area of a sample. A\\ and A\\\
are the midgap bands of CDW-II and CDW-III phases, respec
tively.
charge-transfer and the midgap bands are different for
the two spectra. This result shows that the recovery of
transparency is due to the growth of a new phase, say
CDW-III, of which the fundamental energy gap is
greater by 0.3-0.4 eV than that of CDW-II. Corre
spondingly, the midgap band of CDW-III appears at a
photon energy which is 0.15-0.2 eV higher than that of
CDW-II.
The evolution of the contribution from the CDW-III
phase to the absorption spectrum is correlated well with
the evolution of the new Raman line. Therefore, we attri
bute the new Raman line to a bond-stretching mode of Cl
ions in the CDW-III phase. It is worth noting that the
CDW-III phase has a steep tail of the charge-transfer
band and a distinct midgap absorption band. Moreover,
the Raman line of CDW-III is as narrow as that of
CDW-II at any pressure. In the light of the site-diagonal
electron-lattice coupling [1] peculiar to the present ma
terial, these facts strongly suggest that the CDW-III
phase is a periodically ordered state of Pt and Cl ions as
well as CDW-II, and that the domain sizes of the coexist
ing phases are much larger than the lattice constant.
To examine the uniformity of pressure above 4 GPa,
we have measured the Raman scattering by focusing the
laser beam on various places of the pressurized sample
with a spot size of 10 ^m in diameter. The spectrum
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」。呂冨ＥＣロー］』⑪二一ｍｇ己一○二⑫８国』⑪］ＥＥ８２①二ｍ①』凶』①
０■①臣。『］ｏ■』⑪］臣一①二一①』■（」』筐）二一・℃臣呵（」｝）三・つ巨呵Ｐ【｜⑪シ｛］ＱｃＱｍ
‐⑪』一・】〒ニニロ９つ臣甸冒‐二テロＵ』○つ■。Ｐ』①□②①』響①巨①８』』⑪』可
三②で冒二②《８巴芯旨一目』Ｃ団』⑭后巨○一一恩』。①二］望ｂ⑪』①二一二
（盲十足一）一因 、ｕグ、 （一）
○Ｎ餡四ｍ夏。ｚ西Ｃ山室コヨ。ン
Ⅱ局、
西、Ｃ［
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Good agreement between the calculated curve of ?m and
experimental values of jr can be obtained with a =2-3,
r ■■ 1 -2, and p ■= 1.3-2.0 GPa. Figure 4 shows a compar
ison of the calculated curve and the experimental results.
In order to estimate the interface energy <x, we need to
know the values of SV and A as well as those of a, r, and
p deduced from the above analysis. The change in the
crystal volume accompanied by the present phase transi
tion is too small to be measured by observing the crystal
under optical microscope, so that the magnitude of 8V is
presumably smaller than 3% [111. The fact that the
domain lengths are sufficiently larger than the lattice con
stant implies /4»|<r|. Then, assuming that the value of
A is an order of magnitude larger than |<r|, we obtain
— cx;S0.3 eV, which seems reasonable compared with the
electron-lattice coupling energy of 1.5-1.8 eV per Pt-Cl-
Pt bond [4,12].
If our interpretation is correct, then what is the mecha
nism to produce negative <r? An interesting phenomenon
which might be connected to this fundamental problem
shows up in Fig. 3: The density of solitons as manifested
by the intensity of the midgap absorption band becomes
very high in the CDW-II phase under high pressures; the
CDW-II I phase also exhibits an intense midgap band.
As far as the CDW-II phase is concerned, the soliton is
an antiphase domain wall with a formation energy of
about 1 eV [1,12]. Our observation leads us to imagine
that, with increasing pressure, some of the CDW-II
domains are transformed to the CDW-II I domains; the
solitons between transformed and untransformed domains
are converted into interfaces, accordingly. We conjecture
that the interface has a lower formation energy than the
soliton, and therefore the net energy, i.e., a , needed to
create an interface is negative. The formation energy of
an interface between neutral and ionized domains in
TTF-chloranil is also conceived to be small [13].
The close resemblance between the optical spectra of
CDW-III and those of CDW-II suggests that the CDW-
III phase is a modification of CDW-II. At present, how
ever, we cannot rule out other possibilities such as the
bond-order-wave state 111. In any case, detailed structur
al studies under high pressure are strongly desirable to
clarify the microscopic mechanism of this novel phase
transition unambiguously.
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